Oxidation and removal of boron from molten silicon by a steam-added plasma melting method was investigated as an important part of a sequential metallurgical process for producing high-purity solar grade silicon (SOG-Si) from commercially available metallurgical grade silicon (MG-Si). Experiments were carried out with the mass of silicon per charge varied in the range from 0.6 to 300 kg, corresponding to the laboratory scale to industrial scale. Boron was removed to ½B < 0:1 mass ppm, which is the permissible boron content for SOG-Si. The deboronization rate was proportional to the steam content, 3.2th power of the hydrogen content of the plasma gas, boron content of the molten silicon, and area of the dimple formed by the plasma gas jet, and was inversely proportional to the mass of the molten silicon. A thermodynamic study showed that preferential oxidation of boron in molten silicon is positively related to higher temperatures, supporting the conclusion that this plasma method, which causes a local increase in the temperature of the reaction surface, is in principle advantageous.
Introduction
Photovoltaic power generation in Japan is rapidly gaining popularity, mainly in the housing industry, showing an average annual increase of 30-40%. Solar cells are largely made of crystalline silicon because this material is extremely reliable and has high energy conversion efficiency in converting solar to electric energy. Off-spec silicon from the semiconductor industry is generally remelted for use in crystalline solar cells, but the supply and price fluctuate, depending on conditions in the semiconductor industry. Thus, it was necessary to secure a reliable supply of low-cost silicon material.
Metallurgical grade silicon (MG-Si) can be supplied consistently for solar cell use. However, to obtain the properties required in solar grade silicon (SOG-Si), which includes p-type, 0.005-0.01 m and a conversion efficiency of 14-15%, the content of impurities such as boron, phosphorus, iron, aluminum, and titanium in the silicon must be reduced to below the permissible levels shown in Table 1 . [1] [2] [3] With the metallurgical purification method, metallic elements with a low equilibrium partition coefficient are eliminated by directional solidification, 1, 2) and phosphorus is removed by evaporation, taking advantage of its high vapor pressure. [3] [4] [5] On the other hand, boron is difficult to remove by either of these two methods because it has an equilibrium partition coefficient of 0.8 6) and a low vapor pressure similar to that of iron and titanium. 7) Oxidation is another possible method of removing boron from a silicon melt. Examples include the use of a mixed gas of steam and argon as an oxidizing atmosphere in the floating zone melting method 8) and in plasma gas. [9] [10] [11] [12] [13] However, with both methods, experiments have been limited to a small scale below 0.6 kg of silicon.
As discussed in the section of thermodynamics of boron oxidation later, a higher molten silicon temperature causes preferential boron oxidation. It means that increasing the reaction surface temperature by plasma heating is more effective.
In this study, removal of boron from molten silicon by the steam-added plasma melting method was investigated as an important part of a sequential metallurgical process for producing high-purity SOG-Si. Experiments were conducted over a range from the laboratory scale to pilot plant scale in order to obtain data for scaling-up the process and to establish the basic design of a deboronization process for industrial equipment.
Experimental Procedure
A schematic view of the experimental apparatus for plasma deboronization is shown in Fig. 1 . Four types of apparatus were used, and the mass of molten silicon was varied from 0.6 to 300 kg. The silicon was melted by applying plasma gas to silicon in a crucible or by using a high-frequency induction furnace around the crucible. An oxidizing gas, including steam through nozzles, and plasma gas were impinged on the molten silicon. A hydrogencontaining oxidizing gas was used in some cases. In another experiment, the oxidizing gas was injected into the molten silicon through a submerged nozzle.
The experimental conditions are shown in Table 2 . Nontransfer type plasma was mainly used, but was also compared with the transfer type (cathode, plasma torch; anode, watercooled copper of the crucible bottom) as shown in II of Table 2 . The normal plasma gas was argon, which was compared with a mixed gas of helium or hydrogen. The steam content of the total gas impinged on the molten silicon depended on the size of the equipment and was varied up to 14.2 vol%. The maximum hydrogen content of the total gas was 55 vol%. The distance from the tip of the plasma torch to the surface of the molten silicon was varied from 0.06 to 0.45 m. A silica crucible was used in all experiments except with the 0.6 kg silicon melt shown in II of Table 2 , in which case a graphite crucible was used. In most cases, the temperature of the molten silicon was 1873-1973 K, but 1823-1873 K was adopted with the 300 kg silicon melt. The bath temperature, which was measured by a thermocouple, was regulated by the control of plasma power. The MG-Si used in these experiments was partly refined by evaporation and directional solidification by the electron beam method 1) (boron, 5-10 mass ppm; phosphorus, below 0.1 mass ppm; iron, aluminum, and titanium, below 10 mass ppm) or semiconductor grade multi-crystalline silicon containing a given amount of boron (boron, 0.7-30 mass ppm). A small amount of molten silicon was intermittently sampled to identify time changes in the boron content of the melt. Boron contents above 1 mass ppm were analyzed by the ICP (Induced Coupled Plasma) atomic emission spectrometry method; those below 1 mass ppm were analyzed by ICP mass spectrometry. 14, 15) 3. Experimental Results Figure 2 shows the time dependence of the boron content on the H 2 O content of the added gas without hydrogen with the 0.6 kg silicon melt. Non-transfer type plasma was used, and the plasma gas was argon. It was found that the logarithmic of boron content decreases linearly with time below a boron content of 0.1 mass ppm. Figure 3 shows the time dependence of the boron content with the 300 kg silicon melt. The added gas contents were H 2 O, 4.3-4.6 vol% and H 2 , 50.4-50.6 vol%. Non-transfer type plasma was used. In spite of the 500-fold increase in size of the silicon melt, the boron content decreased linearly, in the same manner as in Fig. 2 . Thus, the boron removal rate followed a first-order rate law for boron content.
Time dependence of boron content
where, t is the time (s) and K is the rate constant for the boron removal rate (s À1 ). 
Effect of interfacial area on boron removal rate
The diameter and depth of the dimple caused by the impinging plasma jet were measured using a silica bar with the 7 kg silicon melt. Other conditions were non-transfer plasma, gas content of H 2 O, 5 vol% and H 2 , 0 vol%, and distance between the torch tip and surface of the molten silicon, 0.07-0.22 m. The surface area of the dimple caused by the impinging gas was calculated by the method shown in the Appendix. Figure 4 shows the relationship between the rate constant for the boron removal rate and the surface area, a (cm 2 ), of the dimple. K is proportional to a, as follows:
This means that the dimple is the reaction interface, which is considered to be reasonable because visual observation showed that the free surface of the molten silicon around the dimple was covered with a silica film.
3.3 Effects of gas composition and species and mass of silicon on boron removal rate The relationship between the boron removal rate and hydrogen content is shown in Fig. 5 . The masses of silicon used in these experiments were 0.6 kg and 2.4 kg without hydrogen addition, and 300 kg with 50.4-51.3 vol% hydrogen. The data for 0.6 kg and 2.4 kg of silicon show that the boron removal rate is proportional to the content of added hydrogen at the molten silicon surface and in inverse proportion to the mass of the silicon. Thus, K can be written as follows:
where C H 2 O is the steam content (vol%) and V is the volume of the silicon (m 3 ). As seen with the 0.6 kg silicon melt in Fig. 5 , there was no difference in the boron removal rate with argon and helium plasma gases.
Rearranging eqs. (2) and (3), K in eq. (1) can be expressed as shown in eqs. (4) and (5). Fig. 2 Time dependence of the boron content for 0.6 kg/ch-scale experiments.
where, k is the overall rate constant of the boron removal reaction.
The relationship between k in eq. (4) and the hydrogen gas content, C H 2 (vol%), is given in Fig. 6 , where a is calculated as shown in the Appendix. The boron removal rate increases as the H 2 content increases over a wide range of silicon melt sizes between 0.6-300 kg. Expressing k as a multi-regression
where, the correlation factor is 0.87. Equations (4)-(6) enable calculation of the boron removal rate for given operating conditions and the time required for achieving a given boron content. B X O Y gas was not detected by gas sampling in the furnace. The reason why the boron removal rate increases due to the addition of hydrogen will be discussed in the next chapter.
Effect of type of plasma on boron removal rate
The boron removal rate with a transfer type and nontransfer type plasma was compared using a 7 kg mass of silicon. The experimental conditions were the same with both types, namely, plasma gas flow rate, 1:7 Â 10 À3 Nm 3 /s, distance between the torch tip and free surface of the molten silicon, 0.13 m, C H2O content, 5.0 vol%, and C H 2 , content, 0 vol%. The dimple areas calculated from the measured values of the dimple diameter and depth were 17 cm 2 for the transfer type but 38 cm 2 for the non-transfer type. The relationship between K and a is shown in Fig. 7 . Under the same operational conditions, the boron removal rate of the non-transfer type plasma was larger than that of the transfer type, mainly due to the larger dimple area with the former. However, there was only a slight difference when the effect of the reaction area was excluded, as seen in Fig. 7. 
Discussion

Thermodynamics of boron oxidation
The oxidation reactions and standard formation energy, ÁG j , of steam-boron 16) and steam-silicon 17) are as follows:
where, R is the gas constant (¼ 8:32451 J/(molÁK)), T is the absolute temperature (K), P BO , P H 2 O , P H 2 are the partial pressures (atm) of BO, H 2 O, and H 2 , respectively, and a B is boron activity. Figure 8 shows the relationship between P H 2 O =P H 2 and T as the parameter of P BO =a B . In order to enhance the boron oxidation reaction in preference to silicon oxidation, the reaction must be between the Si/SiO 2 and B/BO equilibrium curves for the given P BO =a B values. Preferential boron oxidation is caused by a higher molten silicon temperature, which means that increasing the temperature by plasma heating is more effective than indirect methods which do not affect the reaction surface. In fact, in boron removal Fig. 7 Comparison of the deboronization rates for melt purification processes with transfer and non-transfer type plasma. experiments, it was found that supplying gas without plasma heating causes a silica film to form over the dimple. At the same temperature, a smaller P BO =a B enhances boron oxidation. On the other hand, because hydrogen addition prevents oxidation of both silicon and boron, as seen in Fig. 8 , the accelerated boron removal rate described in section 3.3 cannot be explained by thermodynamics. When the gas, liquid, and solid phases reach equilibrium for eqs. (7) and (8), the equilibrium partial pressure, P SiO (atm), of SiO in the gas phase can be calculated from the following equation.
Eliminating P H 2 O =P H 2 from eqs. (7) and (9) gives eq. (10).
where, a B is given by eq. (11). where, B is the activity coefficient of boron, and X B is the mole fraction of boron in molten silicon. Assuming that the mole ratio, (B/Si) dust , of boron to silicon in furnace dust equals P BO =P SiO , eq. (12) is obtained. Figure 9 shows the relationship between the measured (B/ Si) dust and X B with a 7 kg mass of silicon. The relationship can be expressed as follows:
This results from a 36-fold enrichment of boron in the gas phase.
Calculating the surface temperature of the molten silicon from eqs. (10) and (13), T ¼ 2700 K is obtained, whereas the temperature of the bulk silicon in the bath is less than 1973 K. This difference is the result of plasma heating of the free surface of the molten silicon. As higher temperatures cause preferential oxidation of boron, as discussed above, the steam-added plasma heating method is in principle advantageous in improving boron removal efficiency, compared with the steam injection method shown schematically in Fig. 1. 
Kinetics of boron oxidation in molten silicon
The following facts suggest that the chemical reaction between boron and oxygen in molten silicon is the ratedetermining step.
(1) The boron removal rate is proportional to the product of [H 2 O] and [B] , as shown in section 3.3. (2) There is no change in the deboronization rate during acceleration of bath agitation by high frequency induction heating. (3) The deboronization rate does not directly depend on plasma gas flow rate shown in Fig. 4 , which suggests that it is not diffusion controlled in the gas phase. However, in order to prove that the chemical reaction is the rate-determining step, it is necessary to examine the effect of the temperature at the reaction interface on the boron removal rate.
The effect of hydrogen on the boron removal rate could not be explained by the thermodynamics described in section 4.1. According to visual observation, an SiO 2 film formed when the steam content was increased, but disappeared when hydrogen was added. Thus, the reason why the boron removal rate increases as the hydrogen content is increased is estimated to be an increase in the real reaction area due to the reaction SiO 2 +H 2 !SiO. The reaction mechanism of boron removal is shown schematically in Fig. 10 . Figure 11 shows a schematic representation of the metallurgical process used to produce high-purity SOG-Si from MG-Si. 1) This comprises two sequential processes: 1) evaporation of phosphorus 3) and elimination of metallic impurities by first directional solidification 2) in the electron beam melting furnace, followed by 2) boron oxidation with steam-added plasma, as described here, and elimination of metallic elements by second directional solidification. 
Application of results to SOG-Si purification process
Conclusions
Boron removal by steam-added plasma melting occupies an important place in the sequential metallurgical process used to produce high-purity SOG-Si from MG-Si. This study investigated boron removal behavior over a wide range of silicon melt sizes, from silicon masses of 0.6 to 300 kg, the latter being equivalent to an industrial scale production process.
(1) The boron content was consistently reduced to less than 0.1 mass ppm, which is the permissible boron content for SOG-Si for p-type applications. (2) The boron removal rate is proportional to the steam and boron contents and the area of the dimple caused by the impinging gas jet, and is inversely proportional to the mass of silicon. (3) The boron removal rate increases as the hydrogen content of the impinging gas is increased. (4) The boron removal rate with non-transfer type plasma is larger than that with transfer type plasma under the same gas conditions. (5) A thermodynamic study found that higher bath temperatures accelerate boron oxidation. Thus, as the steamadded plasma method generates a local high temperature area at the reaction interface, it is in principle more effective than other methods. 
